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The three dimensional growth of GaN structures as a ba-
sis for the fabrication of 3D GaN core-shell LEDs has at-
tracted substantial attention in the past years. GaN nano-
rods or microrods with high aspect ratios can be grown 
by selective area epitaxy on a GaN buffer through a SiOx 
mask. It has been found earlier that silane substantially 
initiates vertical growth, with the exact underlying mech-
anisms being still unclear. Here, the influence of silane 
on the 3D GaN column growth was investigated by per-
forming detailed growth experiments in combination 
with a thorough surface analysis in order to get insight 
into these mechanisms. The vertical growth rate is signif-
icantly enhanced by high silane fluxes, whereas the satu-
ration of growth rate with the time is reduced. Thus, ho-
mogenous GaN columns with an aspect ratio of more 
than 35 could be achieved. A thin Si-rich layer on the 
non-polar m-plane facets of the columns has been detect-
ed using a combination of transmission electron micros-
copy, energy dispersive X-ray spectroscopy and Auger 
electron spectroscopy. This layer is suggested to be the 
reason for the increase in growth rate, modifying the ef-
fective collection range of the species along the sidewalls, 
and preventing the lateral growth. 
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1 Introduction The research field of solid state light-
ing was impelled by light emitting diodes (LEDs) based on 
GaN, especially because of their superior luminous effica-
cy and their long lifetime. In order to further increase the 
luminous flux per wafer area of GaN LEDs, three dimen-
sional (3D) approaches were promoted during the last 
years. Especially columns of GaN promise to be a suitable 
basis for the next generation of LEDs [1],[2] and even for 
other (opto-)electronic devices like solar cells [3], photo 
anodes for water splitting [4] or field effect transistors 
[5],[6]. The enhanced surface area provides a much larger 
light emitting area and the reduced defect density can lead 
to higher quality material. Besides, the non-polar sidewalls 
prohibit the Quantum Confined Stark Effect [7] and there-
fore thicker quantum wells (QWs) can be grown [8]. Ex-
ternal quantum efficiencies of m-plane planar LEDs re-
vealed less droop compared to c-plane LEDs [9]. Thus, the 
core-shell approach with non-polar m-plane QWs is re-
garded as a promising way for realization of the next gen-
eration of LEDs [10]. In this approach, an n-doped GaN 
core is surrounded by an InGaN/GaN multi quantum well 
(MQW) and by a p-doped GaN layer. For device applica-
tions it is very important to have a good control over the 
three-dimensional core growth and to achieve a large as-
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pect ratio, i.e. the height to diameter ratio. In this study, the 
effects of silane flow on the growth rate in metal organic 
vapor phase epitaxy (MOVPE) are presented. A moderate 
silane flow during the growth promotes the vertical growth 
rate, however, after a certain growth time no or much less 
additional vertical growth can be observed. For a higher 
silane flow no such saturation was observed up to 28 µm 
height of the columns. The reasons for this behavior are 
presently unclear. In this report, a combination of growth 
experiments and surface analysis with high spatial resolu-
tion leads to important insights into the role of silane dur-
ing the 3D growth of GaN. 
2 Selective area epitaxy The templates for the se-
lective area growth (SAG) of 3D structures are prepared by 
a SiOx mask on a GaN layer on 2” c-plane sapphire sub-
strates with a 0.2° off-cut towards the m-plane. The SiOx 
layer of about 30 nm thickness is patterned by photolithog-
raphy with a hexagonal pattern of holes with a diameter of 
800 nm and a pitch of 2.4 µm. The MOVPE growth in a 
vertical showerhead reactor starts with the filling of the 
opened holes (layer growth conditions) and is continued by 
the vertical growth of GaN with a flow of 134 µmol/min 
Trimethylgallium (TMGa), 4.4 mmol/min ammonia (NH3) 
and varying silane (SiH4) flows. To determine the growth 
rates of the Ga-polar GaN columns, the sample geometry 
has been accessed by scanning electron microscopy (SEM). 
The growth times were varied from 300 s to 1800 s (Fig. 1 
a-d) for growth without silane, from 600 s to 3600 s for 
growth with a constant silane flow of 110 nmol/min (Fig. 1 
e-h) and from 300 s to 2700 s for growth with a constant 
silane flow of 330 nmol/min (not shown here). The heights 
of the columns derived from the SEM images are plotted 
over the growth time in Fig. 2. For the columns grown 
without and with 110 nmol/min silane, two linear fits were 
performed for different time ranges, respectively.  
Without silane, the growth rate of about 16 µm/h is 
constant up to a height of 3.4 µm of the columns, as can be 
seen in Fig. 2 (intersection of the two linear fits). Beyond 
this, the vertical growth rate saturates at the much lower 
value of 0.3 µm/h. Applying silane during the growth leads 
- besides an enhanced n-type doping of the columns - to a 
drastically increased vertical growth rate, which has been 
reported before [11],[12],[13],[10]. In this case, a silane 
flow of 110 nmol/min led to a growth rate of approximate-
ly 23 µm/h, but only during a first phase of microrod 
growth, where the height of the microrod was below 8.6 
µm in this particular experiment. Interestingly, the growth 
rate beyond that was not close to zero like in the case with 
no silane, but was still as high as 8.5 µm/h. This implies 
that the saturation of the growth rate could at least be part-
ly overcome by an appropriate silane flow. Passing 330 
nmol/min silane into the reactor increased the vertical 
growth rate even to values of around 41 µm/h. Up to a 
growth time of 2700 s, corresponding to a height of 28 µm, 
no clear saturation of the growth rate was observed. 
The diameter of the rods was almost constant for the inves-
tigated growth times, if a silane flow of up to 110 
nmol/min was used. Nevertheless, for the highest applied 
silane flow of 330 nmol/min, the diameter increased to-
wards the tip of the columns (by 24 nm per 1 µm height) 
and at the same time the height homogeneity of the col-
umns decreased. Less selectivity [11] or increased height 
inhomogeneity [10] with enhanced SiH4 flow were also re-
ported before. In our case, approximately every fourth hole 
(28 %) of the mask was not filled by a GaN column at this 
high silane flow. These missing rods have not been taking 
into account for the statistics in Fig. 2.  
In principle there are three contributions to the vertical 
growth rate during SAG [14],[15]: the net flux (i.e. the dif-
ference between adsorbed and desorbed species on the sur- 
face) of growth species directly impinging from the gas  
Figure 1 SE images (EHT of 20 kV) under 30° tilt of GaN columns grown without silane in the upper row for 300 s (a), 600 s (b), 
1200 s (c) and 1800 s (d) and for GaN columns grown with a silane flow of 110 nmol/min in the lower row for 600 s (e), 1200 s (f), 
2400 s (g) and 3600 s (h). 
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Figure 2 Dependence of height of the n-GaN columns on growth 
time, the samples were grown with no silane (black squares), with 
a silane flow of 110 nmol/min (blue triangles) and with 330 
nmol/min (red circles), respectively. 
 
phase on the top surface of the growing rods (Jtop), the net   
flux impinging on the sidewalls (Jsw) and diffusing along 
the sidewall to the top of the column, and the net flux of 
species impinging on the SiOx mask and diffusing from the 
SiOx mask to the rods (Jsub) [15]. The contribution of Jsub 
and Jsw is based on the effective collection range, which is 
defined as r here. If species impinge in a distance smaller 
than r on the substrate/on the sidewalls they can contribute 
to the vertical growth rate. The effective collection range is 
probably mainly corresponding to the diffusion length of 
the species on the surface but it also takes into account the 
diffusion length in the gas phase (species could desorb 
from the surface, diffuse via the gas phase and be incorpo-
rated at the top facet) and also the sink efficiency, i.e. the 
incorporation efficiency. 
 Using this model of vertical growth and having in 
mind the saturation of growth rate beyond certain critical 
column heights, the differences in the growth rates may be 
assumed to originate from the limitation of the effective 
collection range of species on the column sidewalls, called 
rsw, as discussed in the following.  
Jtop should stay constant during the growth time since 
the diameter of the columns was not increasing distinctly, 
at least for a silane flow of 110 nmol/min or less (see Fig. 
1, statistics are not shown here). The diffusion length of 
the precursors on the SiOx surface was determined for N-
polar column growth to be nearly independent of the silane 
flow and in the range of 1.3 - 1.6 µm [15]. As the growth 
parameters do not vary substantially between Ga-polar and 
N-polar growth regimes, it is assumed here, that the effec-
tive collection range on the growth mask (rsub) is compara-
ble for both cases. Since the distance between the columns 
in the investigated pattern was 1.6 µm, all the material that 
was contributing to the flux Jsub could diffuse to one of the 
adjacent rods. As the pitch did not vary over the evaluated 
samples, this flow of material was constant, and therefore 
it is unlikely that variations in rsub are the reason for the ob-
served silane influence. The silane-dependent parameter is 
the collection range along the sidewalls, rsw. If the rod 
height is larger than rsw, the species coming from the sub-
strate and coming from the lower part of the sidewalls will 
not contribute to the vertical growth rate any more. The 
vertical growth rate will decrease at this point due to the 
vanishing contribution of Jsub and/or the limited contribu-
tion of Jsw. As a consequence, using the model described, 
we can conclude that rsw is increasing with the applied 
silane flow (see Fig. 2). 
In order to determine rsw quantitatively, the height ver-
sus time plot could be fitted with the growth model of Ruth 
and Hirth [14], which is based on the three contributions 
Jtop, Jsw and Jsub. The insufficient number of data points 
does not allow the calculation of accurate values in this 
case. Nevertheless, it can be assessed that the fit would 
have an exponential behavior at the beginning (for 0 and 
110 nmol/min SiH4), followed by a linear behavior. As 
discussed by Dayeh et al. [16] for InAs nanowires, the sub-
strate-wire exchange rate can be described by a factor β 
with β ∝ λsub/λsw [14],[16] with λsub and λsw being the diffu-
sion lengths on the substrate and on the wire sidewalls, re-
spectively. Low β factors represent a low substrate-wire 
exchange rate of species. The factor can vary considerably 
by the changing the growth conditions, e.g. the V/III ratio 
[16]. For GaN rods grown on SiNx patternd sapphire, a β of 
0.1 was found [17] whereas in our experiments β should be 
much larger than 1 (due to the exponential increase at the 
beginning), meaning a relatively high growth rate contribu-
tion of the species impinging on the mask surface. This dif-
ference in the β values could be explained by different 
growth conditions in different reactors but also by the dif-
ferent passivation layers. Possibly, the substrate-wire ex-
change rate is higher on SiOx than on SiNx surfaces. 
For our experiments, a rough estimation of rsw was 
done by the intersection of the two linear fits for the fast 
and the slow vertical growth rate regime: According to that, 
rsw is 3.4 µm without silane whereas it increased to 8.6 µm 
for 110 nmol/min of SiH4. This value corresponds well to 
the average sidewall diffusion length of 7.5 µm reported by 
Eymery [17] for self-assembled GaN columns grown with 
SiH4 on a SiNx passivation mask. For the highest silane 
flow of 330 nmol/min, rsw seems to be 28 µm or even 
higher (no clear kink observed up to a growth time of 2700 
s). These findings show that an increased collection range 
due to higher silane flow might be the reason for an in-
creased vertical growth rate and a delayed saturation of the 
growth rate over time.  
In the case of very high silane flow (330 nmol/min), 
the growth rate was distinctly increased (about a factor of 
2.6 compared to the growth rate without silane). This could 
be a possible explanation of the afore-mentioned structure 
with an increasing diameter towards the top of the rods. 
Since a large amount of material is diffusing up to the top 
facet, the reactions on the top of the rods could be slower 
https://doi.org/10.24355/dbbs.084-201912181122-0
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than the species injection rate and not all of the material 
can be incorporated at the top facets. This could enforce 
lateral growth also on the sidewalls, with the consequence 
of a monotonously increasing diameter as described before. 
The three different SiH4 flows not only led to different 
effective collection ranges, but also to different doping 
concentrations. Since direct Hall measurements are not 
readily possible in a 3D geometry, the doping concentra-
tions have been estimated from the line width of the near 
band-edge emission peak of the GaN rods measured by 
room temperature photoluminescence as suggested by Yo-
shikawa et al. [18]. From that analysis, it was derived that 
GaN rods grown with a silane flow of 110 nmol/min and 
330 nmol/min have a carrier concentration of about 6 x 
1019 cm-3 and 1.1 x 1020 cm-3, respectively. More details 
about this will be published elsewhere. 
 
 
3 Detection of Si-rich surface layer  
In order to investigate the reason of the increased ef-
fective collection range with higher SiH4 flow, the surface 
of the GaN rods was investigated by transmission electron 
microscopy (TEM), energy dispersive x-ray spectroscopy 
(EDX) and Auger spectroscopy. The transition from the 
GaN core to an outer shell (in this case MQW) corresponds 
to the surface of the GaN rods after the 3D growth. Hence, 
a sample with an initial silane flow of 165 nmol/min dur-
ing GaN core growth (165 nmol/min for the first 650 s fol-
lowed by 950 s without SiH4) and a 3-fold InGaN/GaN 
MQW shell embedded by an undoped GaN shell was in-
vestigated by TEM as well as EDX. In total the shell had a 
thickness of 80 nm. The sample was prepared by focused 
ion beam etching (FIB). A scanning transmission electron 
microscope (STEM) image is shown in Fig. 3 a. The three 
QWs and one additional interface located more inside of 
the column (to the right) are clearly visible. By the EDX 
mapping Ga and N could be detected in the whole GaN 
column (Fig. 3 e-f), as expected. Au and Pt from the sam-
ple preparation exist outside of the column (on the left side 
in Fig. 3 b-c). The mapping of Si (Fig. 3 d) shows some Si 
signal in the areas surrounding the rods, which is a meas-
urements artifact due to the increased background scatter-
ing in the Au/Pt. Besides of this, an increased Si concentra-
tion could also be detected in the afore-mentioned interface 
inside of the column. This interface corresponds to the 
transition from the vertically grown GaN core to the later-
ally grown shell which starts with an undoped GaN spacer 
layer. This is an indication that the pure GaN columns have 
a Si-rich layer on their sidewall facets, which might in-
crease the effective diffusion lengths of species along the 
sidewalls. A Si-rich layer at the sidewalls (in this case SiN) 
was already reported by Tessarek at el. [13] for self-
organized grown GaN rods. A patent by Eymery et al. [19] 
describes the in-situ fabrication of a thin SiNx layer on 
GaN wire sidewalls and the capability of using this layer as 
a passivation [20] or insulation layer for device fabrication.  
Figure 3 STEM (a) and corresponding EDX mappings for the 
elements Au (b), Pt (c), Si (d), Ga (e) and N (f) on one sidewall of 
a 3D-GaN core-shell structure. 
 
Judging from the EDX mapping, the Si-rich layer has a 
thickness of less than 2 nm in the structure shown here. 
The fact that this layer was detected by EDX indicates very 
high concentration levels of silicon.  
In order to quantify the amount of silicon at the side 
facets of the microrods, the Si-rich layer was also investi-
gated by Auger electron spectroscopy. GaN cores were 
grown with a silane flow of 165 nmol/min and 330 
nmol/min, respectively. To avoid Auger electron emission 
from the substrate induced by backscattered electrons and 
to rule out Si signals from the SiOx mask, some of the mi-
crorods have been detached from their substrate and were 
deposited on a gold-coated silicon wafer. Auger electron 
spectra of side facets of the rods reveal, besides the main 
components Ga and N and growth process-related Si, sig-
nals due to O and C contaminations (Fig. 4 a). The O and 
C contaminations are at least partially due to the transport 
of the samples through the air. Auger spectra for a de-
tached single rod grown with 330 nmol/min silane have 
been taken at five points along the rod axis (see scheme in 
Table 1). Using a standard procedure described by Seah 
[21] and sensitivity factors for the individual Auger transi-
tions recommended by the instrument’s manufacturer, 
nominal concentrations of the relevant elements were de-
rived from the differentiated Auger spectra at the five 
points (Table 1).  
It should be noted, however, that the evaluation of el-
emental concentrations from Auger spectra according to 
Seah [21] is strictly valid only for material systems with 
homogeneous chemical composition. We have demonstrat-
ed the principal applicability of this procedure for such 
systems by an Auger analysis of the clean and non-polar 
surfaces of GaN yielding almost equal atomic concentra-
tions for Ga and N (data not shown). Taking into account 
that the detected Si is silane-induced (see below) and very 
likely forms a thin surface layer on our GaN microrods, 
and taking into account that the C and O signals are likely 
due to (post) growth process contamination, we expect that 
the chemical composition at the surface of the microrod is  
https://doi.org/10.24355/dbbs.084-201912181122-0
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Table 1 Nominal concentrations [%] of elements. 
Regi-
on* 
 Si- 
KLL  Ga  N  O 
 
   C 
1 6.4 37.6 23.9 5.3 26.8 
2 6.2 40.6 25.7 3.7 23.7 
3 8.6 36.2 22.9 4.7 27.7 
4 7.2 28.5 12.5 6.6 44.9 
5 7.6 24.9 9.3 5.8 52.4 
Calculated concentrations (see text): 
1 5.7 37.0 28.2 5.0 24.0 
5  8.9 22.9 11.4 6.0 50.8 
* Nominal concentrations [%] of elements measured by Auger 
electron spectroscopy at spots 1 to 5 on a side facet of an n-GaN 
microrod. Calculated nominal concentrations for thickness-
graded layers of Si and C/O on-top of the GaN facet are indicated 
for spots 1 and 5. 
 
not homogeneous but largely layered. The graphite-like 
lineshape of the C Auger signal adds further support for a 
dense carbon layer. O and a corresponding minor C contri- 
bution are tentatively assigned to surface CO contamina-
tion on-top of this C layer. For a more refined analysis of 
surface concentrations, attenuation of Auger signals from 
deeper regions of the surface has to be taken into account. 
Therefore, we have calculated the Auger signals and nom-
inal concentrations assuming the following sequence of 
layers for our sample: GaN bulk (representing the micro-
rod), a thin Si film and a contamination layer on-top of the 
Si film which mainly consists of C and a small amount of 
O. The attenuation of the Auger electrons from layers be-
neath the surface is included in our calculations by expo-
nential attenuation with the inelastic mean free path as de-
cay constant [22],[23]. The different strengths of the Auger 
transitions of the elements involved are taken into account 
by using the same sensitivity factors that we use for the 
Auger data processing. The surface layer contains a sub-
monolayer amount of oxygen which is not included in the 
calculation of the attenuation of the subsurface layers as 
the influence of an exchange of C atoms by O atoms in the 
model is negligible. By comparison of the calculated re-
sults for the layered stack with the concentrations derived 
from the measurements we are able to provide estimates 
for the thicknesses of the individual layers. We find good 
agreement between measured and calculated nominal con-
centrations (see Table 1) for the following thicknesses: 
a) For spot 1 in the sketch of Table 1 (top of the mi-
crorod): GaN bulk + 1 atomic monolayer (ML) Si 
+ 1 ML carbon.   
b) For spot 5 in the sketch of Table 1 (bottom of the 
microrod): GaN bulk + 2 atomic monolayers 
(ML) Si + 3 ML carbon.   
Calculated and measured nominal concentrations agree 
within a margin of 10%. Only the N concentration and the 
Si concentration at the bottom appear to be overestimated 
in the calculations. The calculated N concentration is 20% 
higher than the measured one. This deviation can be ex-
plained by the Ga-rich growth conditions for the microrods 
which may lead to a Ga adlayer on the GaN side facets 
[24]. The overestimated Si concentration at the bottom is 
probably caused by a less dense Si. Overall, we find a Si 
adlayer with decreasing thickness from the bottom of the 
rod to the top. This Si gradient along the axis of the rods is 
consistent with the findings by Tessarek et al. [13]. The 
impact of the gradient, i.e. a low deposition rate at the bot-
tom of the GaN wires, was also shown by Koester et al. [7].  
 
 
Figure 4 Differential Auger electron spectra measured at the 
center of the sidewall surface of an n-GaN core grown with 165 
nmol/min of SiH4: (a) overall spectrum, (b) LVV Auger transition 
of Si (c) KLL Auger transition of Si. 
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Auger spectra of a nominally undoped rod which was 
not subjected to silane exposure did not reveal any Si sig-
nals. Therefore, the Si-rich surface layer on the microrods 
is definitively related to the introduction of silane during 
the MOVPE growth process and not to desorption of sili-
con from the SiOx mask material. The Si gradient can be 
explained by a longer effective exposure of the bottom part 
of the rod to the silane-containing process gas in the reac-
tor favoring a stronger accumulation of Si at the bottom 
part of the side facets. 
The carbon contamination layer is also thicker at the 
bottom and presumably caused by organic residuals of the 
growth process on the Si layer, since a concentration gra-
dient along the rod length is unlikely to be caused by an 
atmospheric contamination. The total thickness of the 
adlayers (Si + C/O) as suggested by the above model cal-
culations is between 0.6 nm (top) and 1.5 nm (bottom). 
This range of thicknesses was confirmed by sputter clean-
ing of the samples using an Ar+ ion beam: after removal of 
a layer with a thickness of about 1 - 2 nm both contamina-
tion signals and Si signals vanished.  
Further information concerning the Si-rich layer can be 
deduced from the peak positions of the Si-LVV and the Si-
KLL Auger transition. The tabulated transitions for ele-
mental Si are 92 eV and 1619 eV respectively, for Si in 
SiO2 one finds 76 eV and 1606 eV, respectively [25]. Thus, 
with positions between 86.5 eV to 91 eV and 1612 eV to 
1614 eV measured in this report (Fig. 4 b,c) the Si is found 
to be far from higher oxidation levels. The experimental 
results fit better to energies reported for SiNx [26] thin 
films and to Si-C bonds [27] in accordance to our layer 
model. 
The Si-rich layer could be removed by wet chemical 
etching with hot phosphoric acid (85%, 150°C, 10s). This 
has been confirmed by surface photovoltage measurements 
[28] as well as by Auger measurements on the sidewalls 
after the etching step, which showed a drastically reduced 
Si signal. 
 
4 Suggested growth mechanism The above re-
sults suggest the following SAG mechanism of the GaN 
columns: Species from the gas phase impinge on the sub-
strate and diffuse to the open windows in the SiOx mask 
(Jsub). GaN nuclei form and finally grow towards pyramids 
(this is assumed on the basis of TEM measurements which 
are not shown here). During this filling of the mask holes, 
a high V/III ratio is used that is comparable to layer growth 
conditions. Therefore, the sidewalls of the pyramids are 
passivated by the reactive hydrogen, coming from the high 
amount of NH3 in the growth atmosphere [29]. Thereafter, 
the growth conditions are changed to a three dimensional 
growth mode with a low V/III ratio to remove the hydro-
gen passivation of the pyramid sidewalls by the increased 
concentration of Ga-containing species [29]. This process 
thus promotes the growth on the semi-polar pyramid facets. 
Since the lateral growth is constrained due to the SiOx 
mask and since the growth rate in m direction is very small, 
non-polar sidewalls are formed at the rim of the mask 
holes. Consequently, most of the Ga species might either 
diffuse upwards along the sidewalls to be incorporated in 
one of the top facets or they desorb from the sidewalls. Just 
a negligible amount of Ga is built into the sidewall facets 
so that the average diameter of the columns remains almost 
constant over the growth time (for silane flows up to 110 
nmol/min) which is in accordance with the experimental 
findings. With the added silane in the growth atmosphere, 
there is also a minor reaction of Si with N at the non-polar 
sidewalls. Once this very thin Si-rich layer has emerged, 
the surface atom structure is changed. This could be a 
probable explanation for the enhanced collection range of 
the species. Additionally, the Si-rich layer can prevent the 
Ga incorporation on the sidewall, like an in-situ SiNx mask 
which is used for dislocation reduction of GaN [30]. Alt-
hough the growth of GaN is prevented under these growth 
conditions, the Si accumulates on the side facets and is in-
corporated forming a Si-rich layer with a thickness increas-
ing gradually with growth time. This explains the observed 
gradient of Si in the Auger results. 
For very high rods with a fast growth rate (using 330 
nmol/min silane) the Si-rich layer at the top is not as pro-
nounced as compared to the bottom which might be due to 
less thickness or lower Si concentration. Therefore some 
Ga incorporations on the sidewalls could occur on the up-
per part of the rods despite the Si-rich layer which could be 
another reason for the increasing diameter of these rods 
along the growth axis. 
 
5 Conclusion We investigated the influence of silane 
on the MOVPE growth rate of selectively grown GaN col-
umns. Silane also leads to a modified surface of the GaN 
structures. The Si-rich surface layer was detected by EDX 
and Auger spectroscopy on the sidewalls especially at the 
lower part of the rods. Presumably, this additional enclo-
sure affects the reactions at the sidewalls as well as the dif-
fusion of species and it increases the effective collection 
range which in turn defers the saturation of growth rate vs. 
time and allows more material to reach the top of the rods. 
There the local concentration of growth relevant species is 
enhanced and the vertical growth rate is increased drasti-
cally. The Si-rich passivation layer has substantial impact 
on the further growth of shell layers. It can be either prac-
ticable (as a passivation or insulation layer) or unfavorable 
for device fabrication since no homogenous, high quality 
MQW can be grown along the whole sidewall height. 
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